INTRODUCTION
Globally, rotavirus related diarrhoea is responsible for 527 000 deaths and 2.4 million admissions to hospital each year among children under 5 years. 1 2 Two live attenuated oral rotavirus vaccines, a pentavalent bovine derived vaccine (RotaTeq; Merck Vaccines, Whitehouse Station, NJ) and a monovalent human rotavirus vaccine (Rotarix; GlaxoSmithKline Biologicals, Rixensart, Belgium) with good efficacy against severe rotavirus infection and a reassuring safety profile could have a substantial impact on the global burden of severe diarrhoea in childhood. [3] [4] [5] [6] In 2006 the World Health Organization strongly recommended the inclusion of rotavirus vaccines into national immunisation programmes in American and European countries, and in April 2009 WHO extended this recommendation to all regions of the world. 7 8 In making a global recommendation for rotavirus vaccines and noting the variable performance of the vaccines in different populations, WHO emphasised the need for further efficacy and effectiveness data, particularly in developing countries. 8 For example, the efficacy of monovalent vaccine against severe rotavirus diarrhoea was 96% (95% confidence interval 83% to 99%) in Europe, 83% (73% to 90%) in Latin America, 72% (40% to 88%) in South Africa, and 49% (11% to 72%) in Malawi. 3-5 9 Similarly, the pentavalent vaccine prevented 98% (88% to 100%) of severe rotavirus infections in the United States and Finland, but effectiveness was 46% (18% to 64%) in Nicaragua, the only developing country setting for which data are available on the performance of the pentavalent vaccine. 6 10 Experience with previous candidate rotavirus vaccines, as well as vaccines against polio, cholera, and typhoid, indicates that the immunogenicity and efficacy of live, oral vaccines can be impaired in developing countries of low and low-middle income. [11] [12] [13] [14] [15] Therefore, studies on effectiveness after the introduction of vaccine and surveillance of rotavirus before and after the introduction of vaccine are vital to understand further the performance of rotavirus vaccines and their potential impact on the virus strains in target populations who are most likely to benefit from vaccination. health added the monovalent vaccine (recommending two doses) to its national childhood immunisation programme, providing the first opportunity to assess performance of the vaccine during programmatic use in a low-middle income country. The first dose is recommended at 2 months of age (between 6 and 14 weeks) and the second at 4 months of age (between 16 and 24 weeks); the maximum upper age limit is 24 weeks. Before the introduction of the vaccine, rotavirus was responsible for an estimated 35% of the admissions for diarrhoea in El Salvador, and although data on rotavirus strains from El Salvador are sparse, the G1P [8] strain predominated in 2001 and G2P [4] in 2006. 19 20 We assessed the effectiveness of two doses of the monovalent vaccine against rotavirus diarrhoea requiring hospital admission in El Salvador and compared the total number of admissions for diarrhoea and for rotavirus at sentinel hospitals in El Salvador before and after the introduction of the vaccine.
METHODS
From January 2007 to June 2009 we carried out a nationally representative matched case-control study to evaluate the effectiveness of the monovalent rotavirus vaccine against admission for rotavirus diarrhoea in children under 5 using a standardised WHO protocol. 17 El Salvador has 14 departments, five of which have the highest population density and constitute about 60% of El Salvador's annual birth cohort. From these regions the ministry selected seven hospitals where an estimated 48% of El Salvador's annual admissions for diarrhoea occurred in children under 5.
Participants

Cases
In January 2006 the ministry of health established a hospital based surveillance system to identify children with rotavirus diarrhoea who were admitted for dehydration at one of the seven sentinel hospitals. Active surveillance was carried out continuously in the emergency department and inpatient wards in children under 5 with acute diarrhoea, defined as three or more loose stools in a 24 hour period and with onset less than 14 days before the hospital visit. Healthcare providers in the seven hospitals were encouraged to notify the surveillance coordinator when treating a child under 5 with diarrhoea. The admission log was also reviewed daily to identify cases of diarrhoea. The surveillance coordinator interviewed the provider and the parent to assess case eligibility and subsequently collected bulk stool specimens within 48 hours of admission.
Specimens were stored at 2-8°C before daily transfer to the national laboratory, where rotavirus testing was done using a commercially available enzyme immunoassay (IDEIA; Oxoid, Ely, Cambridge). Specimens were frozen at −70°C and shipped to the Centers for Disease Control and Prevention in Atlanta, where they were maintained at −70°C. Rotavirus positive specimens were then genotyped using previously described methods to determine the infecting strain.
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Controls
For each case we enrolled three controls from the neighbourhood who were individually matched to the case's date of birth (within 30 days). We selected controls through cumulative incidence sampling after the rotavirus season in 2007 and incidence density sampling on a weekly basis in 2008 and 2009. Controls were enrolled when interviewers visited homes to the left and right of the case's home until three controls were identified. Enrolment was restricted to one control per household. To avoid selection bias of positive respondents, we prohibited re-enrolment of controls once they were matched to a case. Written informed consent to participate was obtained from parents or guardians before enrolment.
Variables
During 2007, only information on vaccination status was gathered from cases and controls because of logistical delays from hiring and training study staff. During 2008-9, in addition to vaccination history, we obtained information on demographics, socioeconomic factors, birth weight, premature birth (<36 weeks' gestational age), current body mass index, history of breast feeding, and medical history; for cases, we also gathered information on clinical characteristics, treatment, and course of illness. We classified the gradient of severity among cases admitted for rotavirus diarrhoea using the previously described 20 point Vesikari scale. 25 26 We computed effectiveness of the monovalent vaccine against rotavirus diarrhoea using severity scores of 11 or more and 15 or more.
Data sources
We interviewed the parents of cases and controls face to face. Vaccination was confirmed if the parent showed a vaccination card with the date of vaccination, type of vaccine used, and the child's name. If parents reported vaccination but did not possess a card, we reviewed vaccine records at the clinic where the child was reportedly vaccinated.
Sample size for vaccine effectiveness
We calculated precision based sample size estimates for a matched design under the following assumptions: vaccine coverage 50% and vaccine effectiveness 70%, with a confidence limit width of 30%. 27 We estimated that about 150 cases of severe rotavirus diarrhoea (admission or Vesikari score ≥11) and a control to case ratio of 3 to 1 would be sufficient for our primary analysis. Although we did not specifically power the study for subgroup analyses, we anticipated enrolling about 300 cases to allow us to carry out exploratory analysis on partial dose effectiveness and potential modification of effectiveness by age and to assess effectiveness against the most severe diarrhoea (Vesikari score ≥15).
Statistical analysis
Our primary analysis assessed effectiveness of two doses of the monovalent vaccine against laboratory confirmed rotavirus diarrhoea requiring hospital admission. Consecutive cases admitted for laboratory confirmed rotavirus diarrhoea and born after 1 June 2006 were included in the vaccine effectiveness analysis, thus making them age eligible to receive the vaccine. Preplanned subgroup analyses were done to assess effectiveness by case severity, protection from one dose of vaccine, and duration of vaccine protection. We assessed partial series protection from one dose of vaccine and we also carried out an "intention to vaccinate" analysis to assess the effectiveness of one or more doses. To assess duration of protection we chose two specified groups for age at disease onset: 6-11 months and 12 months or more.
We considered cases and controls to be vaccinated if the most recent dose was administered 14 days before the case's hospital visit (reference date). We used conditional logistic regression to estimate the odds ratio of vaccination in cases compared with controls, assessing for effect modification by hospital, socioeconomic status, and age by including interaction terms in the model. To identify variables that changed the estimate by more than 10% we used models controlling for factors potentially associated with vaccination and rotavirus disease-sex, history of breast feeding, daycare attendance, birth weight, and variables of socioeconomic status (maternal education, ownership of a motorised vehicle, and electricity, telephone, or computer in the home). These factors were selected on the basis of recommendations from a WHO guideline document. 17 We also compared the number of admissions to hospital for all cause diarrhoea and for rotavirus in 2008 and 2009 against the prevaccine year 2006, at the seven surveillance hospitals that applied the same surveillance methodology. We restricted this analysis to January to June, the months of peak rotavirus activity, or "rotavirus season."
We estimated the adjusted odds ratio using the exponential of the coefficient for the vaccination variable in the model. The 95% confidence interval for the adjusted odds ratio was computed using the standard error of the coefficient 28 and subsequently we calculated vaccine effectiveness for each group of controls as (1-adjusted odds ratio of vaccination)×100. 29 We used the Wilcoxon rank sum test, trends test, or χ 2 test to assess the differences in characteristics of children with rotavirus gastroenteritis and their matched controls. Statistical significance was designated as a two tailed P value <0.05. All analyses were done using SAS statistical software (version 9.2).
RESULTS
For the vaccine effectiveness study, 323 consecutive cases of rotavirus diarrhoea were age eligible for immunisation against rotavirus. Of the 81 children who were age eligible for vaccination during the 2007 rotavirus season (aged ≤6 months), 72 (89%) participated; the parents of the remaining children could not be located. Of the children who were age eligible for vaccination (n=256), 251 (98%) participated: 113 during 2008 and 138 during 2009. All cases were admitted for dehydrating diarrhoea. Three neighbourhood controls matched by date of birth were identified for each case. Of the eligible controls who were at home during the community visit (n=979), 969 (99%) participated in the study. The median age of cases and controls was 10 months (range 1-25 months). Cases were more likely than controls to be male (64% v 50%; P<0.001) but were similar for breast feeding, premature birth, maternal education, and socioeconomic variables (table 1) . Cases were admitted to hospital for a median duration of two days; 98% (247/251) received intravenous hydration and none died. Among the 239 cases with information on severity, 16 (7%) had a Vesikari score of 10 or less, 223 (93%) 11 or more, and 54 (22%) 15 or more. Sufficient volume of stool was available for strain characterisation from 70% (225/323) of the cases. Among these samples, 92% (208/225) of the strains were G1P [8] .
In cases (n=323) and controls (n=969), vaccine history was verified by vaccination card (93% (n=301) cases, 97% (n=944) controls) or clinic record (7% cases (n=22), 3% (n=25) controls). Adherence to the age recommendations for monovalent vaccine was good, with only 8% (14/175) of the vaccinated cases and 7% (48/687) of the vaccinated controls receiving their second dose of vaccine beyond 6 months of age. Among the cases, 31% (n=99) were unvaccinated, 22% (n=72) received one dose of the vaccine, and 47% (n=1522) received two doses (table 2) . In contrast, 16% (n=153) of community controls were unvaccinated, 21% (n=199) received one dose of vaccine, and 64% (n=617) received two doses (table 2) . Vaccination rates did not differ by sex.
No confounding factors were identified in the study and thus the final model included vaccination as the independent variable only. Effectiveness against rotavirus diarrhoea requiring hospital admission after two doses of vaccine was 76% (95% confidence interval 64% to 84%) and after one dose was 51% (26% to 67%; table 2). Effectiveness estimates were similar between 2007 (77%) and 2008-9 (75%). In the intention to vaccinate analysis, protection from one or more doses of vaccine was 67% (95% confidence interval 54% to 77%). No heterogeneity in vaccine effectiveness was identified between hospitals (P=0.12) or between children of low and high socioeconomic status (P=0.89).
Subgroup analysis assessed effectiveness by severity and age. Two doses of vaccine were 83% (95% confidence interval 52% to 94%) effective against rotavirus diarrhoea with a severity score of 15 or more and 73% (56% to 84%) effective against rotavirus diarrhoea with a severity score of 11 or more (table 3) . We assessed duration of protection after vaccination by comparing rates of vaccination among cases and controls in children aged 6-11 months compared with those aged 12 months or older. Protection against admission for rotavirus related diarrhoea was 83% (95% confidence interval 68% to 91%) in children aged 6-11 months and 59% (27% to 77%) in children aged 12 months or older (table 4; P=0.046). 8 Under routine use in a low-middle income country, we have shown that the monovalent rotavirus vaccine provided 76% protection against admissions for rotavirus among children under 2 years, which was only slightly lower than the efficacy of 85% observed in a clinical trial of the monovalent vaccine in other middle income Latin American countries. 3 4 Recent studies indicate that the population level benefits of vaccination are likely to be greater in the poorest settings with the highest incidence, and perhaps even greater than expected on the basis of direct effects of rotavirus vaccination. 9 30 Moreover, the finding that one dose of monovalent vaccine confers about 50% protection indicates that vaccination could also have an impact between 2 and 6 months of age when a substantial proportion of admissions to hospital and deaths from rotavirus related disease occur. More encouragingly, routine use of monovalent vaccine has substantially reduced the health burden of admissions for rotavirus and all cause diarrhoea during the winter months in this setting. The 40% to 51% reduction in all cause diarrhoea among children under 5 was substantially greater than expected because few children aged more than 2 years were vaccinated during the study period, a potential indicator of indirect benefits to unvaccinated members of the community from interruption of transmission. Our finding of high effectiveness of the monovalent vaccine and noticeable impact over a three year study span in this challenging population reinforces the WHO recommendation for childhood rotavirus vaccination and provides further support for vaccination as an important measure in reducing global rotavirus related morbidity and mortality.
Comparison with other studies The protection of 76% conferred by the monovalent vaccine in El Salvador seems to be greater than the protection of about 50% conferred by the vaccine against rotavirus diarrhoea requiring admission in a similar study in the neighbouring country of Nicaragua, 10 where the introduction of the pentavalent vaccine occurred simultaneously with the introduction of the monovalent vaccine in El Salvador. These differences may in part be attributable to differences in the severity of rotavirus disease among people evaluated in the two countries. Rotavirus vaccines have lower efficacy against milder disease, and 33% of the cases with rotavirus admitted in Nicaragua compared with only 7% in El Salvador had a severity score of 10 or less. However, the effectiveness of the monovalent vaccine in El Salvador seemed to be 21% greater than that of the pentavalent vaccine in Nicaragua, even when the comparison was restricted to cases with the same severity. Differences in vaccine formulation and circulating strains during the study period might explain some of the variation, although both vaccines have provided good heterotypic and homotypic protection against common strains in high and middle income settings. 3 5 6 Differences in host and environment between the two populations could also be a factor, as El Salvador is a low-middle income country with gross national income of $2850 per capita whereas Nicaragua is a low income country with a gross national income of $980 per capita. The most impoverished settings may pose greater challenges (for example, higher inoculums of infection, greater rates of coenteric infections, gut enteropathy, micronutrient malnutrition, or high levels of circulating maternal antibodies) to the performance of oral rotavirus vaccines. 11 31 Indeed, the lowest observed efficacy of the monovalent vaccine, 50%, has been in Malawi, one of the poorest settings in which the vaccine has been tested to date. Results of ongoing clinical trials of the pentavalent vaccine in poor countries of Africa and Asia are expected in the next few months and will provide key additional data to understand better the performance of oral rotavirus vaccines in challenging developing country settings.
Effectiveness of the monovalent vaccine seemed to be lower among children aged 12-24 months (59%) compared with those aged 6-11 months (83%), suggesting the possibility of waning immunity. This decline in protection in children aged more than 1 year was surprising, because overall protection against homotypic and many heterotypic strains was high and sustained (79-96%) through two years in the European and Latin America monovalent vaccine trials. 3 5 However, efficacy trials of previous rotavirus vaccines and studies of protection after natural rotavirus disease have also observed a decline in immunity to vaccine or wild virus, especially in poor settings. [32] [33] [34] [35] [36] In Nicaragua, the pentavalent vaccine also showed a lower (but not statistically significant) effectiveness among children aged 12-19 months. 10 Similarly, in a small case-control study in an impoverished population in Brazil, the monovalent vaccine conferred good protection (85%, 95% confidence interval 54% to 90%) during the first year against diarrhoea from fully heterotypic G2P [4] strains, but declined significantly (5%, −187% to 69%) among children older than 12 months. 37 It is possible that waning of vaccine induced immunity is greater in developing countries where the short lived intestinal immune response to vaccination may predominate, and a systemic response may be less robust. 31 Furthermore, immune responses against homotypic strains may be longer lasting than against heterotypic strains.
33 Potential waning of immunity during the first 2 to 3 years of age could contribute to important changes in disease epidemiology, such as an increase in severe disease among older age groups compared with baseline, thus warranting close monitoring through surveillance and epidemiological studies. However, given the wide confidence limits, caution is warranted in interpreting findings of lower effectiveness among older children. Additional evaluations, including results from the second year of follow-up of ongoing clinical trials of the monovalent vaccine in developing countries in Africa, will help assess the duration of protection after vaccination.
Strengths and limitations of the study
The observational nature of case-control studies warrants discussion. We cannot be certain that controls in our study ideally represent the source population to which the cases belong. Matching the controls by age and neighbourhood is likely to lessen confounding bias from these factors. We were further reassured by similarities in measures of socioeconomic variables between cases and controls in our study. Although cases were more likely to be male, sex was not a confounder because vaccination rates were similar between the sexes. We were also able to confirm vaccination history by review of the vaccination card or registry on all cases and controls thus minimising potential misclassification of vaccination status. Misclassification of children who had been vaccinated to non-vaccinated is possible, in the event of a failure to document vaccination at time of receipt and could theoretically lower our effectiveness estimates. However, any such misclassification would likely be equal in both cases and controls and thus unlikely to affect our effectiveness estimates substantially. Logistical reasons prohibited us from blinding interviewers to case and control status, which might have introduced some bias. In addition, although cases and controls were matched on neighbourhood, in 2007 we collected data on rotavirus disease and vaccination status only. However, similar vaccine effectiveness estimates were observed when we restricted analysis to 2008-9 alone. It is also reassuring that during 2008 and 2009, cases and controls were similar for socioeconomic conditions, body mass index, birth weight, and breast feeding. All other surveillance methods were consistent during the four rotavirus seasons when rotavirus surveillance was done, and we do not suspect any substantial differences in healthcare seeking patterns between these years. Lastly, although an estimated 50% of the admissions for rotavirus in El Salvador occur at the study hospitals, these cases may not represent the full spectrum of severe cases in the population. Although clustering by hospital is possible, including hospital as a random effect in the conditional regression model did not substantially alter the presented findings.
With regard to the decline in all cause diarrhoea and rotavirus related admissions at the sentinel hospitals, secular variations in disease and changing reporting practices might have led to an observed reduction in disease after the introduction of vaccine. However, the contention that vaccine may have contributed to the reduction is supported by three findings: the high vaccine effectiveness in the case-control study, the substantial reduction in laboratory confirmed admissions to hospital for rotavirus at seven hospitals with active surveillance for diarrhoea before and after the vaccine was introduced, and the reduction in episodes of all cause diarrhoea observed during the winter season, when 98% of the laboratory confirmed rotavirus disease among children aged less than 5 years occurs in El Salvador. We were intrigued by the relative increase in rotavirus prevalence among children under 5 between 2008 (16%) and 2009 (40%). Although the short duration of surveillance limits our interpretation, the increase in rotavirus prevalence could be from secular variation in rotavirus and other causes of diarrhoea, or might reflect the decreased effectiveness among older children or an accumulation in 2009 of older susceptible children who were not exposed at an earlier age because of the noticeably diminished 2008 season. Despite an increase in rotavirus prevalence, a noticeable decline in the absolute number of admissions for rotavirus related diarrhoea and all cause diarrhoea in 2009 from 2006 still indicates a substantial impact from the vaccine. This finding highlights the need for good baseline surveillance for evaluating and interpreting post licensure changes in the epidemiology of rotavirus.
Conclusions and policy implications
In summary, the monovalent vaccine provided good protection against admissions for rotavirus diarrhoea in El Salvador. Protective immunity was obtained
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